Introduction
Aortic valve stenosis (AS) is a degenerative disease of the aortic valve that is characterized by progressive thickening and calcification of the leaflets and thus narrowing of the valve orifice [1] . Transcatheter aortic valve replacement (TAVRs) is a percutaneous alternative to surgical aortic valve replacement (SAVR), which is used to treat intermediate and high-risk operable patient cohorts [1] [2] [3] . TAVRs consist of pericardial tissue leaflets sutured to a collapsible metallic stent. Unlike traditional SAVR, wherein the leaflets of the stenotic aortic valve are removed prior to device implantation, the procedure relies on the expansion of the TAVR stent to radially displace the calcified aortic valve leaflets against the aortic root wall and thus provides a landing zone for the prosthetic valve in the aortic annulus [1, 4] .
Calcium deposits present on the aortic valve can vary in size, density and distribution and can inhibit the expansion of TAVR stents. This can lead to distortion of the device from its desired circular geometry, with eccentric stent expansion reported in various self-expanding TAVR designs in vivo [5] [6] [7] [8] [9] [10] . In the CoreValve (Medtronic, USA), Schultz et al. [5] reported incomplete and non-uniform expansion at all levels of the stent, which was exacerbated at the inflow section due to conformance with the calcified aortic valve. Furthermore, only 17% of deployed stents were considered circular, thereby indicating the high prevalence of noncircular deployment [5, 11] . Binder et al. reported eccentric stent expansion of the self-expanding Centera (Edwards Lifesciences, USA) at the inflow level of the stent with eccentricity values of 18.7 + 10.9% recorded [7] . Zegdi et al. reported that asymmetric stent expansion occurred in one-third of patients with calcified tricuspid aortic valves [9] and was further exacerbated when deployed in bicuspid valves [10] . Willson et al. reported acute valve dysfunction with an intermittent frozen leaflet occurring in the self-expanding Portico (St Jude Medical, USA) caused by eccentric stent distortion at the inflow and mid-section of the stent [8] .
We have previously reported that eccentric distortion can alter the flow characteristics through a TAVR, causing an altered asymmetric systolic jet formation, increased shear stresses and turbulence in flow fields downstream of the valve [12] . It has also been proposed that stent distortion can have a negative impact on the pericardial tissue leaflets of a TAVR specifically that non-circular stent expansion might lead to leaflet distortion, strain concentrations at the commissures of the leaflet and incorrect valve closure [5, 9] , albeit these changes have yet to be quantified. As strain concentrations have been shown to be a factor in causing structural failure of the leaflet [13, 14] , increased deformation at the commissure regions of the leaflet might have long-term detrimental effects on leaflet fatigue durability. In fact, distortion of bioprosthetic heart valves (BHVs) during the surgical implantation procedure in animal studies has led to accelerated deterioration and calcification of the pericardial leaflets [15 -17] . Leaflets in distorted stents in both self-expanding and balloon expandable TAVRs have been observed to have increased tautness, reduced mobility and inadequate coaptation (due to buckling and coaptation mismatch) at valve closure [6, 7, 9, 18 ]. While we have previously shown that stent distortion may increase the haemolytic response of the valve [12] , the impact of this distorted stent geometry on the dynamic deformation of the leaflets compared to leaflets in an optimal circular expanded stent remains to be fully understood.
Finite-element (FE) simulations have been used to quantify leaflet deformation in models representative of non-circular self-expanding TAVRs in vivo. Sun et al. [19] simulated a trileaflet geometry and showed that eccentric leaflet configurations experienced higher peak stresses in the leaflet commissures compared with circular leaflet configurations. Gunning et al. [20] simulated leaflet closure in a complete TAVR stent/leaflet assembly deployed in a realistic patient-specific aortic root model, and demonstrated that leaflet buckling and coaptation mismatch can occur during leaflet closure in non-circular deployed self-expanding valves. These computational models used a quasi-static approach to simulate valve closure, by applying a static and a uniformly distributed transvalvular pressure directly to the leaflet surface. The 'water hammer' effect caused by dynamic blood flow induced loading of the leaflet cannot be reproduced using a quasi-static method and as a result peak stresses may be underestimated compared to dynamic models [13] . Additionally, assuming a uniformly distributed transvalvular pressure boundary condition may underestimate the impact of stent distortion on leaflet closing mechanics. This may be particularly relevant at the leaflet free edge during leaflet coaptation, which has been shown to be critical in simulated mitral valve closure in structural only (FE) and fluid -structure interaction simulations [21] . Therefore, the impact of stent distortion on leaflet deformation, while incorporating the dynamic pulsatile and spatially varying loading conditions on the leaflet due to fluid flow interaction, has yet to be elucidated.
Dual-camera stereophotogrammetry is a non-intrusive optical-based method that has been applied to experimentally quantify leaflet strains in physiological and pathological models of native aortic valves [22] . Previous studies have applied this method and another optical-based method (structured light projection) to quantify leaflet deformation in circular deployed BHVs, correlating regions of elevated surface curvature [23, 24] and strain concentrations [25] to the regions that were expectedly and most prone to structural deterioration. Sun et al. [25] used dual-camera stereophotogrammetry to investigate leaflet strains near the leafletstent attachment in a BHV under quasi-static loading conditions and demonstrated that peak strains occurred in the vicinity of the leaflet commissures. However, Sun et al. [25] focused on BHVs, whereby surgical implantation allows for optimal circular implantation of the prosthesis. Thus, the effect of a distorted stent geometry on leaflet deformation was not investigated and is not yet known.
In this study, we investigate the impact of non-circular stent deployment on the dynamic deformation of leaflets of a TAVR using dual-camera stereophotogrammetry. The objectives of this study are to: (i) deploy a TAVR in nominal circular and eccentric orifice experimental models and simulate pulsatile flow under pathological and physiological pressure conditions and (ii) experimentally quantify regional leaflet strain distribution in circular and eccentric TAVRs using the dual-camera stereophotogrammetry imaging technique.
Material and methods

Valve and aortic root model
A 23 mm supra-annular TAVR representative of a commercial valve design was studied (n ¼ 3) [12] , consisting of bovine pericardial leaflets (thickness ¼ 0.35 mm) sutured to a selfexpanding Nitinol valve stent with a dedicated commissure post assembly and inflow segment [12, 26] . The TAVR used was representative of supra-annular valve designs whereby the valvular section of the device was located distally to the inflow section that is used to anchor the device in the calcified aortic annulus. A regular array of tissue dye markers with a 1 mm grid spacing was applied using tissue marking dye (Black Shandon Tissue Marking Dye, Thermoelectron Corporation, Pittsburgh, PA, USA) to the aortic surface of the leaflets using a template placed behind the leaflet as reference (figure 1a,b). Valves were deployed into two aortic annulus models: a circular control annulus (22 figure 1c,d ), representative of highly eccentric explanted and in vivo TAVRs from CT imaging [5, 6] . Both circular and eccentric orifices were constructed such that the cross-sectional orifice areas were the same. Aortic annulus models were mated with a custom-built idealized acrylic aortic root model based on clinical measurements [27, 28] consisting of a straight rigid ascending aorta section developing into an axisymmetric sinus region (figure 2a,b). Valve deployment was carried out as per the instructions of use. Once the supra-annular portion of the valve stent was positioned correctly in the aortic root model, lateral expansion of the inflow segment of the stent into the aortic root annulus was performed such that the radiopaque markers present on the stent were lined up with the aortic annulus plane. Paravalvular leakage was mitigated through the use of a sealant around the valve circumference.
Pulsatile left heart simulator
The aortic root assembly was connected to the Georgia Tech Left Heart Simulator (LHS), which has previously been used to simulate impaired and physiological haemodynamic conditions of aortic, mitral and TAVRs valves in an in vitro test set-up [22, 29, 30] . The pulsatile flow loop consisted of a fluid reservoir, a mechanical mitral valve, a bladder pump, an acrylic valve chamber, and compliance and resistance elements [22, 29] . Ventricular function was simulated using a bladder pump driven by compressed air and solenoid valves. As the aortic root model was rigid, arterial distensibility was reproduced using a lumped systemic compliance chamber, which was used to simulate normotensive (120/80 mmHg) and hypertensive (190/ 150 mmHg) pressure conditions with a heart rate of 70 beats min 21 and a cardiac output (CO) of 5 l min 21 [22, 29] . CO and aortic and ventricular pressures were measured at 500 Hz using a custom Labview program. A blood analogue fluid of 36% water/glycerin solution was used in the experiments to simulate blood at a kinematic viscosity of 3.51 Â 10 26 m 2 s 21 (3.5 cSt) and minimize optical distortion during imaging [22, 29] . Figure 3a ,b shows the resultant normotensive and hypertensive pressure waveforms acquired, which are similar to those observed in previous in vitro studies of native valves and TAVRs [22, 29] and are also in accordance with ISO standards for testing of cardiac valve prostheses (ISO 5840-Cardiovascular implants-Cardiac valve prostheses III) [31] . Figure 3c shows the images acquired from the aortic side with time points indicated in figure 3a.
Dual-camera stereophotogrammetry
Dual-camera stereophotogrammetry was used to acquire highspeed images of the TAVR leaflet and measure dynamic deformation, similar to previous experiments performed for native aortic and mitral valves [22, 30] and BHV types [25] . Dynamic motion of the marker dots on the aortic side of the TAVR leaflets was captured at 500 frames per second using an image grabbing system (EPIX CL3SD, Buffalo Grove, IL, USA) with two high-speed cameras (Basler A504 K, Basler) orientated at 22.58 to the horizontal and 308 to the vertical, as shown in figure 2a,b. Marker dots were imaged on the leaflet perpendicular to the major axis of the eccentric orifice as highlighted (figure 2a). The two CCD cameras created two simultaneous images of the deforming aortic leaflet ( figure 4a,b) . The marker array on the leaflet surface was tracked from the stereo image rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 pairs acquired using a previously developed automatic marker tracking algorithm in Matlab (Mathworks, Natwick, MA, USA) [22, 30] . Using direct linear transformation (DLT), two-dimensional pixel coordinates of each marker dot from the stereo image pairs were reconstructed into three-dimensional space. Prior to surface reconstruction, DLT calibration was carried out by traversing a calibration target (10 Â 12 mm) through a distance of 12.3 mm from the centre of the valve assembly, which resolved the relative angle between the two cameras, and was then used to compute the three-dimensional spatial coordinates of the leaflet markers. The three-dimensional coordinates of the leaflet markers were determined to have an accuracy of 68 mm based upon the magnification of the high-speed cameras, pixel size and calibration target [32] .
Strain computation
Shell-based two-dimensional isoparametric shape functions were used to produce a discretized surface geometry with the reconstructed dots as element vertices, which were used to compute the major principal strain in the leaflet at relevant time points in the cardiac cycle. A 3 Â 3 marker array was used to fit each C-0 continuous nine-node Lagrangian shape function, thus generating a surface mesh of the leaflet. Coordinates of a point within the region governed by the element was obtained by interpolating the shape functions terms at the nodes as follows:
ð2:1Þ
The shape functions were then used to compute the metric tensor, G [22, 30, 33] :
where the subscript, k, indicates the component of the Cartesian coordinates (x, y, z) and subscripts (a, b) indicate differentiation with respect to the in-surface coordinate component ( j or h).
Components of the metric tensor, G, were then used to compute the Green strain, E [22, 30, 33] :
where G 0 ab and G ab are components of the metric tensor in the deformed configuration and reference configuration, respectively [22, 30, 33] .
Major principal strains were calculated in six zones of the coaptation region (figure 4a) and two zones in the commissure regions of the leaflet (figure 4b). Strains in each zone were computed by fitting the Langrangian shape function to a nine node subset (3 Â 3) of the 45 nodes (15 Â 3) on the leaflet surface, giving one shape function for each zone. For the commissure regions, nine node subsets at the extremity of the marker array were used as shown in figure 4b .
A surface mesh of the reconstructed leaflet is shown in figure 4c . As the marker spacing was 1 mm, each zone was approximately 4 mm 2 in area. The central axis of the valve was located between zones 3 and 4 (figure 4a,b) and bisects the valve into two sides, with the left side of the leaflet represented by zones 1, 2 and 3 and the right side represented by 4, 5 and 6. Images of the leaflet in a coaptated configuration, arising when the aortic and ventricular pressures were allowed to equilibrate giving a small (2-8 mmHg) transvalvular pressure across the valve, were used as the reference configuration for strain computation as shown in figure 4a,b.
Haemodynamic evaluation
Haemodynamic performance of the valves was evaluated using the mean transvalvular pressure gradient (TVG) and effective orifice area (EOA). The TVG was calculated as the mean pressure gradient (DP mean ) across the valve for the duration of systole and was calculated as follows:
where P vent and P aortic are the pressures in millimetres of mercury taken immediately upstream and downstream of the valve, respectively. EOA valves were calculated using the following equation:
where Q RMS is the root mean square of the measured flow and DP mean is calculated as in equation (2.4).
Statistical analysis
Strain and haemodynamic measurements were computed for three valves (n ¼ . If data exhibited normality, Student's t-test was used to determine statistical differences between strain and haemodynamic measurements. Otherwise, the non-parametric Mann -Whitney test was used to determine statistical differences between nonnormal distributed variables. Statistical significance was defined as p 0.05. Figure 5a shows the mean TVG during systole for both valve geometries at normotensive and hypertensive pressure conditions. No significant differences in the TVG between each valve geometry at each pressure condition was obtained (normotension: circular ¼ 6. rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 leaflet geometry occurred due to fluctuations in the pulsatile flow. Rapid closure of the leaflets starts to occur at the initial transient phase of diastole and ends at peak diastole within a time period of approximately 10 ms for both valves (figures 6 and 7, 390 -400 ms). Following peak diastole, the flexible commissure posts of the valve stent acted as a cushioning mechanism allowing the leaflet to be momentarily relieved of strains (figures 6 and 7, 416 ms) prior to reloading and retrograde axial movement of the leaflet, as shown at 440 ms in figures 6 and 7. Similar leaflet deformation characteristics were observed under hypertensive pressure conditions for both valve geometries, with increased leaflet movement in the axial direction at diastole due to an increase in pressure on the leaflet surface (190 versus 120 mmHg).
Results
Haemodynamics
Overall leaflet deformation characteristics
Leaflet deformation characteristics at peak diastole
Valve closure characteristics were observed to be associated with stent deployment geometry ( figure 8a,b) . In the circular valve at peak diastole (400 ms), anticlockwise twisting of the leaflets around the central axis occurred and resulted in pinwheeling of the valve (figure 8a). In the eccentric valve at peak diastole (400 ms), coaptation mismatch of the valve leaflets was observed at valve closure resulting in backwards bending of the leaflet from the belly region in the retrograde direction of flow causing a characteristic 'peel-back' leaflet geometry (figure 8b). Following peak diastole (440 ms), pinwheeled and 'peeledback' geometries were temporarily removed due to flexure of the commissure posts ( figure 8c,d ). However, a difference was observed in relative coaptation heights between leaflets of the eccentric valve, resulting in mismatch of the leaflet free edges and one leaflet being trapped under the adjacent imaged leaflet (indicated by dashed and solid lines, respectively) that did not occur in the circular valve (figure 8d). Following the momentary relief of strains caused by flexion of the commissure posts, coaptation mismatch occurred between the opposing leaflets in the eccentric valve.
3.4. Effect of stent distortion on leaflet commissure strains Figure 9 shows the peak major principal strains computed from the commissure regions of the valve leaflets at peak diastole under normotensive and hypertensive pressure conditions. At normotensive pressure conditions, a statistically significant increase in peak commissure strain was observed in the eccentric valve compared with the circular valve (13.76 + 2.04% versus 11.77 + 1.61%, p ¼ 0.014). Under hypertensive pressure conditions a similar trend was observed, with a statistically significant increase in commissure strain in the leaflets of the eccentric valve compared with the circular valve (15.07 + 1.13% versus 13.56 + 0.87%, p ¼ 0.0042). For the circular valve, the commissure strain was statistically significantly higher in the hypertensive condition compared with the normotensive condition (13.56 + 0.87% versus 11.77 + 1.61%, p ¼ 0.0003). Similarly, the commissure strain was also higher in the eccentric valve at hypertension compared with normotension, however this difference was not statistically significant (15.07 + 1.13% versus 13.76 + 2.04%, p ¼ 0.146). Figure 10 is a comparison of the major principal strain distribution in the coaptation region in circular and eccentric For hypertensive conditions at mid diastole, regional major principal strains were increased due to the increased pressure acting on the valve. Under hypertensive pressure conditions at mid diastole (figure 11a), the eccentric valve had statistically significantly higher strains in zones 1 (12.19 + 2.23% versus 9.39 + 1.76%, p ¼ 0.0048) and 5 (9.52 + 3.13% versus 5.61 + 1.24%, p ¼ 0.007) compared with the same zone in the circular valve. In zone 3, strains were significantly higher in the circular valve compared with the eccentric valve (7.52 + 0.43% versus 5.39 + 3.14%, p ¼ 0.0008). In the remaining zones, strains were observed to be higher in the eccentric valve compared with the circular valve although these were not statistically significant: zone 2 (9.18 + 2.22% versus 8.05 + 1.04%, p ¼ 0.319), zone 4 (2.97 + 2.22% versus 2.14 + 2.89%, p ¼ 0.311) and zone 6 (11.0 + 3.96% versus 9.8 + 2.47%, p ¼ 0.198). At late diastole under hypertensive pressure conditions (figure 11b), statistically significantly higher strains were observed in the eccentric valve in zones 1 (10.70 + 1.19% versus 8.31 + 1.13%, p ¼ 0.0001), 4 (3.21 + 2.37% versus 1.59 + 2.18%, p ¼ 0.0476) and 5 (7.91 + 2.85% versus 5.10 + 1.56%, p ¼ 0.018).
Effect of stent distortion on leaflet strain distribution
Spatial variation in leaflet strain distribution
Statistical differences in major principal strains between each zone of the leaflets within circular and eccentric valve geometries for normotensive and hypertensive pressure conditions are indicated in figures 10 and 11, respectively. Major principal strains can be characterized as heterogeneous across the coaptation surface of the leaflets of both circular and eccentric valves with peak strains occurring closest to the commissures of the leaflet (zones 1 and 6), which decreased towards the central region of the leaflet (zones 2,3,4,5) (figures 10 and 11).
In addition to the heterogeneity in strain distribution observed, a distinct asymmetric strain pattern was also observed around the central axis of the valve chamber in the circular valve that was not present in the eccentric valve. At mid and late diastole, under normotensive pressure conditions, major principal strains were statistically significantly higher in zone 3 (left side of leaflet) than in zone 4 (right side of leaflet; p , 0.05; figure 10a,b) . No statistically significant difference was observed between the same zones in the eccentric valve at the same pressure condition. Under hypertensive pressure conditions, this asymmetric strain pattern was observed in both valve geometries.
Discussion
This study provides a novel insight into the effect of eccentric stent deployment on the regional dynamic deformation of the pericardial tissue leaflets of a TAVR. The results of this study demonstrated that eccentric stent distortion caused coaptation mismatch of the leaflet free edges during valve closure, which resulted in leaflet 'peel-back' at peak diastole. The altered closing characteristics caused significantly higher peak major principal strain in the commissure regions of the leaflet compared with that of the same region in the leaflet in the circular valve. For both valve geometries, a heterogeneous strain distribution was observed across the leaflet. The strains were significantly greater in zones at the extremity of the coaptation region in the vicinity of the leaflet commissures compared with zones located nearer the central region of the leaflet. It was demonstrated that the pinwheeling in the circular valve produced an asymmetric strain pattern around the central axis of the valve, which produced a significant difference in strain magnitudes in zones either side of the centre of the leaflet, which was not observed in the leaflets of the eccentric valve at normotensive pressures. The findings of this study provide an important insight into rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 the dynamic strains in the leaflet of a distorted TAVR at the annular plane in vivo. The increased loading at the leaflet commissures due to distortion of the TAVR stent geometry could potentially accelerate leaflet deterioration and lower the long-term leaflet durability of the leaflets of the prosthesis. The optical transparency required in order to image the complex leaflet deformation of the prosthesis necessitated the use of a geometrically simplified and rigid material behaviour of the aortic root model. The rigid aortic root does not represent the compliant behaviour of the aortic root tissue or undergo the pulsatile changes in annulus shape that occur in vivo [12, 34] . However, calcium deposits [35] , age-related reduced arterial compliance [36] in patients requiring TAVRs, and the scaffolding provided by oversizing of the valve stent may reduce compliance and dimensional changes of the aortic root during TAVR of stenotic valves in vivo and as such a rigid model was deemed a reasonable assumption. Owing to the rigidity of the aortic root model however, a non-physiological and exaggerated dicrotic notch was present in the aortic pressure waveform. Despite this, the relative pressure gradient between the aortic and ventricular pressure waveforms were consistent for normotensive and hypertensive pressures at valve closure [7] [8] [9] and thereby represent the in vivo leaflet-loading pressures at each pressure condition.
The aortic root phantoms used did not include native aortic valve leaflets due to the challenges in reproducing a calcified aortic valve and a predefined eccentric expanded stent geometry representative of in vivo TAVR deployment geometries from CT imaging. Exclusion of a calcified valve model allows for more uniform and circular stent expansion at the outflow segment of the valve and thereby may underestimate the degree of stent distortion at the commissural levels of the leaflets, which may further exacerbate strain concentrations in this region. Although the straight ascending aorta is not representative of the curved aorta in threedimensional space, the valve studied had a short profile and does not interact with the ascending aorta beyond the sinotubular junction where the curved portion arises and thus the straight ascending aorta was deemed appropriate.
Only one orientation of the valve within the eccentric orifice was studied, which was chosen as it has previously been shown to exacerbate the altered leaflet deformations compared to other orientations within eccentric orifices [19] . Only one leaflet (leaflet perpendicular to the major axis of the eccentric orifice) in the tri-leaflet assembly was investigated as visualizing more than one leaflet in a single plane was not possible. This leaflet was chosen as it has previously been shown to undergo altered deformation and lack of coaptation during valve closure under hydrodynamic test conditions and elicited abnormal leaflet tautness in an eccentric deployed explanted prosthesis [6, 37] . Despite this, the increased commissure strains reported here could be exacerbated in other leaflets and as such future studies are required to elucidate the impact of stent distortion on other leaflets of the TAVR. Strain measurements were limited to the coaptation region and near the commissures regions of the leaflet due to the presence of the valve stent and leaflet Figure 6 . Three-dimensional reconstruction of the sequence of leaflet motion in the circular valve from axial (looking into the flow) and isometric viewpoints. Peak systole and peak diastole occur at 300 and 400 ms, respectively.
rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 folding during valve closure, which hindered the visualization of markers near the stent attachment and the basal region of the leaflet in both cameras. It is expected that regions of commissure closer to the leaflet -stent attachment line will experience larger localized strains, which are likely to be further exacerbated by stent distortion. It should also be noted that strains could not be computed in the central region of the eccentric leaflet at peak diastole due to leaflet 'peel-back'. While positioning of the cameras orthogonal to the leaflet surface (instead of at 308) would allow for imaging of this area, simultaneous marker visualization on the rest of the leaflet surface was not feasible due to the presence of the stent. Three TAVR samples were used to provide a comparative analysis between stent geometry and pressure conditions. While more TAVR samples would have improved the statistical robustness of our findings, the inherent difficulty and expense associated with obtaining valves manufactured to a clinical standard did not make this possible. The TAVR used in this study is a supra-annular design, wherein the valvular portion is distal to the inflow segment of the valve. In such designs non-circular expansion at the inflow portion of the valve stent, owing to contact with the calcified aortic valve, is minimized at the valvular portion [12] . In intra-annular balloon-expandable (e.g. Sapien) and self-expanding (e.g. Portico, Centera) TAVRs, the valvular portion of the device is in the same plane as that of the anchoring region in contact with the calcified valve. In such designs, distortion to the stent is directly translated to the leaflets and thus leaflet distortion would be expected to be exacerbated in intra-annular balloon-expandable and self-expanding TAVRs compared to the results of the supraannular design reported here [12] .
Previous studies have shown that calcific-and non-calcificrelated structural deteriorations of BHV leaflets (circular implanted) are caused by high tensile strains in the commissure region of the leaflet, which can cause tearing, laceration and calcification [38] [39] [40] . As expected, the findings of our experimental study are similar to existing knowledge from computational models of BHVs and have shown that strains are the highest in the commissure regions of the TAVR leaflets also [25] . The major principal strains in the commissures of the circular TAVR studied here were in close agreement to both experimentally measured and FE simulated major principal strains using FE analysis by Sun et al. [25] in the same region of a BHV (11.77 + 1.61% versus approx. 11%) sutured to a circular annulus model under quasi-static loading conditions. Similar to the simulated leaflet closure in eccentric and asymmetric geometries by Sun et al. [19] and Gunning et al. [20] , this study showed that peak leaflet strains increased in the eccentric geometry. However, the relative increase in peak strains experimentally reported here were lower than that observed in simulated leaflet models (17 versus 143%). In the FE simulations, peak strains were recorded directly at the valve commissures. Owing to the presence of the valve stent and leaflet folding, visualization of the leaflet markers and strain characterization was not possible in this study and was carried out further away from the commissure edges where the effect of stent distortion on leaflet strain concentrations is less pronounced. Furthermore, the stent model used in this study had flexible commissure posts compared to the rigid static commissure posts used in these simulations. The flexible commissure post acts as a cushioning mechanism during valve closure promoting dissipation of the mechanical pressure acting at the leaflet surface and as such reduces the peak strain concentrations in the commissures of the valve [41] .
The results of this study demonstrated that coaptation of the valve leaflets was dependent on deployed stent geometry, with the circular valve producing a pinwheeled leaflet geometry. In contrast, the eccentric valve experienced incorrect leaflet coaptation resulting in a 'peel-back' leaflet geometry. Pinwheeling in the circular valve was characterized as a anticlockwise twisting of the leaflet at coaptation. In the eccentric valve, retrograde bending of the leaflet free edge occurred as it interacted with the diastolic closing pressure in the aorta resulting in the characteristic 'peel-back' geometry at peak diastole [37] . This 'peel-back' leaflet geometry has previously been observed in high-speed imaging of distorted TAVR leaflets during haemodynamic testing [37] . We propose that this 'peel-back' effect may play a role in the higher peak commissure strains in the leaflet of the eccentric valve observed here. However, it must be stated that positioning of the cameras orthogonal to the leaflet surface and computation of the direction of the principal strains in this region is required in order to further evaluate this. With the exception of zone 3, located next to the central axis of the valve, differences in leaflet strain were significantly greater in the leaflet of the eccentric valves compared with the circular valves. The elevated strains in this region (zone 3) in the circular valve were caused by the pinwheeling produced around the central axis at leaflet coaptation. A similar trend was observed moving radially outwards from the central axis, however, the difference between corresponding zones on the left and right sides of the leaflet was not significant.
Pinwheeling has previously been stated as one of the major mechanisms of failure in circular BHVs, causing early fatigue failure in the Ionescu-Shiley valve compared with the Perimount valve (Edwards), which has demonstrated 18 year durability with no pinwheeling [42] . Pinwheeling is inherently a size factor issue of self-expanding TAVRs, arising from the limited range of valve sizes (21 -29 mm) available for treatment of the wide ranging aortic annuli sizes. The leaflet free edges must be designed to be sufficiently long to seal the valve during closure without a central gap forming. However, when the valve is oversized for the patient-specific orifice the excessively long free edges of the leaflet must pinwheel in order to complete coaptation. In this study, a 23 mm valve was modelled in a 22 mm nominal orifice causing pinwheeling to be produced resulting in a asymmetric strain rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 distribution on the leaflet. FE fatigue simulations of BHVs have predicted that pinwheeling might induce early fatigue damage at the leaflet free edges [41] . The experimentally quantified strains in the circular valve corroborate knowledge from existing visual inspections and fatigue computational simulations of pinwheeled BHVs and further elucidate the impact of pinwheeling on the regional leaflet strain distribution under dynamic loading conditions. The results reported here reveal that eccentric deployment can cause approximately a 2% increase in peak commissure strains in the leaflets of a TAVR stent. This change in strain is sufficient to produce a large increase in leaflet stress, as pericardium is a nonlinear and hyperelastic material composed of collagenous fibres, which undergoes significant stiffening following fibre uncrimping and orientation to the axis of stretch. Based on the stress-strain relationship derived from previous equibiaxial testing results of thin pericardial tissue [2] , an approximate increase in peak stress from 390 to 700 kPa would be expected in the leaflet in the eccentric valve at normotension due to a 2% increase in strain at the leaflet commissures.
Previous studies have used uniaxial testing to investigate the impact of moderate cyclic loading on the fatigue response of pericardial tissue [43, 44] . It has been reported that the tissue compliancy of pericardial tissue reduced with increasing cycle number (up to 65 Â 10 6 cycles) when subjected to cyclic uniaxial stress of 0.5 + 0.05 MPa (approx. 12% strain) caused by reduction in collagen fibre crimp and reorientation of fibres towards to the direction of loading [44] . It has also been shown that cyclic loading (up to 65 Â 10 6 cycles) at a rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 higher uniaxial strain of 16% (approx. 1 MPa peak stress) [43] increased the extensibility of pericardial tissue at moderate cyclic numbers in the parallel and perpendicular axes of the tissue with respect to the direction of loading [43] . In our study, the peak commissure strains observed in leaflets of both circular and eccentric geometries under both normotensive (11.77 + 1.61% versus 13.76 + 2.04%) and hypertensive (13.76 + 2.04% versus 15.07 + 1.13%) pressure conditions were within the range of cyclic loads applied in these fatigue studies [43, 44] . We propose that the increased commissure strains in the eccentric valve may accelerate structural deterioration caused by reduction in collagen fibre crimp and fibre reorientation [43, 44] . However, it must be stated that these strains were computed under multiaxial loading conditions and as such may be different to the uniaxial tensile fatigue conditions tested by Sun et al. [17] and Sellaro et al. [18] . Furthermore, the increased peak strains in the commissure regions of the eccentric leaflets may accelerate calcification in this region. This has been seen in previous studies of distorted implantation of BHVs, whereby distortion of the prosthesis during implantation led to incidences of premature leaflet tearing and accelerated fibrosis and calcification in the distorted valve leaflets due to increased loading conditions [16, 17] . We propose that similar processes could be triggered following the eccentric deployment of a TAVR and as such premature leaflet failure rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150737 may be more likely compared with that of a circular deployed valve.
TAVR manufacturers are required to perform standardized hydrodynamic testing to assess the haemodynamic, structural performance and device durability of TAVR stents using experimental models that represent deployed valves in calcified annuli in vivo (ISO 5840). These standards require qualitative visual inspection to assess the occurrence of incorrect coaptation, folding and pinwheeling, structural deterioration and delamination, which are evaluated on a pass/fail basis. The quantitative assessment of the changes in tissue extensibility due to stent distortion provided in this study could be incorporated to improve standardized test methods so that they can account for the effect of eccentric stent deployment on the regional dynamic deformation of bioprosthetic tissue leaflets.
Conclusion
The effect of eccentric stent deployment on dynamic leaflet deformation of the pericardial tissue leaflets of a TAVR was investigated for the first time. Dual-camera stereophotogrammetry was used to compute strains in the coaptation and commissure regions of select TAVR leaflets indicating that:
(i) pinwheeling of the circular valve plays a role in producing an asymmetric leaflet strain pattern that was not observed in the eccentric valve at normotension and (ii) adverse bending of the leaflet ('peel-back') at peak diastole led to statistically higher commissure strains in the eccentric valve compared with the circular valve. These results indicate that eccentric stent deployment impacts pericardial leaflet deformation that may cause deleterious bending of the leaflet in the belly region. This produced increased leaflet commissure strains that may lead to accelerated leaflet deterioration compared with leaflets of nominally circular deployed valves.
